The cerebellum is essential for the performance of smooth and accurate goal-directed movements, making postural adjustments to maintain balance and also learning new motor skills. It is also involved in a range of other activities, including control of the autonomic system, associative learning and cognition 1 . This remarkable diversity of function is made possible by the massive extent of the outer shell -the cortex -of the mammalian cerebellum, which contains more neurons than the rest of the CNS put together 2 . On a macro scale, the cerebellum consists of two hemispheres united in the midline by a region known as the vermis (FIG. 1a) . Two deep fissures divide the cerebellar cortex into three lobes: the anterior and posterior lobes, which are divided by the primary fissure, and the flocculonodular lobe, which is separated from the posterior lobe by the posterolateral fissure. These regions are further subdivided into lobules by shallow fissures and, depending on the species, certain lobules can be folded into sub-lobules or folia (FIG. 1b) .
. On a macro scale, the cerebellum consists of two hemispheres united in the midline by a region known as the vermis (FIG. 1a) . Two deep fissures divide the cerebellar cortex into three lobes: the anterior and posterior lobes, which are divided by the primary fissure, and the flocculonodular lobe, which is separated from the posterior lobe by the posterolateral fissure. These regions are further subdivided into lobules by shallow fissures and, depending on the species, certain lobules can be folded into sub-lobules or folia (FIG. 1b) .
The cerebellar cortex is further divided into three distinct layers: the molecular layer, the Purkinje cell layer and the granular layer. These contain seven main neuronal cell types: Purkinje cells, granule cells, Golgi cells, Lugaro cells, unipolar brush cells (UBCs), basket cells and stellate cells [3] [4] [5] [6] . Of these, Purkinje cells are considered to be the most functionally important because they provide the sole output of the cortex (FIG. 1c) . They are arranged in a monolayer and have an extensive fan-like dendritic tree that projects into the molecular layer, where they receive input from two major types of excitatory neuronal fibres, climbing fibres and parallel fibres. Most Purkinje cell axons make inhibitory synaptic contact with neurons in the cerebellar nuclei, which are located deep within the cerebellar white matter. In turn, neurons within the cerebellar nuclei form most of the output from the cerebellum, providing connections to a wide range of other CNS structures to control movement and influence many other functions.
Because of their central role in cerebellar function, Purkinje cells have been the most extensively studied type of cerebellar neuron and are the main focus of this Review. Purkinje cells are highly unusual in the CNS because they generate two distinct types of action potential. Simple spikes fire spontaneously or as a result of activation of the mossy fibre-granule cell-parallel fibre pathway, and typically occur at high rates (30-100 Hz 7, 8 ).
In sharp contrast, complex spikes, which consist of an initial action potential that is usually followed by a series of smaller spikelets, occur at very low rates (typically ~1 Hz 7 ). Complex spikes are generated as a result of activity in the inferior olive climbing fibre system 9 , which also imposes a precise topographical order on cerebellar circuits. Purkinje cells located in rostrocaudally oriented zones within the cortex each receive their climbing fibres from a specific part of the contralateral inferior olivary complex and provide output to a distinct territory within the cerebellar and vestibular nuclei, thereby forming a series of olivo-cortico-nuclear modules [10] [11] [12] . Individual cortical zones can be further subdivided into smaller regions termed microzones, which are thought to be the fundamental functional units of the . c | The basic cerebellar cytoarchitecture comprises Purkinje cells, which are the output cells of the cerebellar cortex, granule cells, Golgi cells, Lugaro cells, unipolar brush cells (UBCs), stellate cells and basket cell interneurons. The two main types of afferents that project to the cerebellum are the climbing fibres, which synapse directly with Purkinje cells, and the mossy fibres, which synapse with granule cells. The axons of the granule cells ascend up to the molecular layer, where they bifurcate in a T-type manner to form parallel fibres, which extend for several millimetres along the folia of cerebellar lobules. COP, copula pyramidis; FL, flocculus; LS, lobulus simplex; PF, paraflocculus; PML, paramedian lobule. Part c is adapted with permission from REF. 183 , Frontiers. cerebellar cortex (for a review, see REF. 10 ). The remaining cell types in the cortex are interneurons. Golgi cells, Lugaro cells, granule cells and UBCs are located below the Purkinje cells, within the granular layer, whereas stellate and basket cells are located above the Purkinje cells in the molecular layer.
With regard to cell types and their connectivity, the cerebellar cortex is assumed to have a uniform cytoarchitecture, and so it is widely thought that the same neural computation (which has been termed a 'universal cerebellar transform' 13 ) is performed throughout its extent and that regional differences in function are to a large extent due to differences in afferent and efferent connectivity. In particular, the various subdivisions of the inferior olivary complex are dominated by afferent connections arising from different regions of the CNS and, in turn, each of these olivary subdivisions provides climbing fibres that terminate in different parts of the cerebellar cortex 14, 15 . However, in this Review, we provide evidence indicating that the concept of a universal cerebellar transform probably does not hold true. With a focus on neuronal organization within the adult mammalian cerebellar cortex, we consider recent evidence and revisit older studies that suggest that variations in cerebellar cortical anatomy and physiology also make a significant contribution to regional differences in function.
Non-uniform cerebellar architecture Regional differences in cerebellar cytoarchitecture have long been known to exist. The most notable of these is the marked regional variation in the packing density of Purkinje cells. In rats, for example, there are fewer Purkinje cells in the base of each cerebellar folium than at the apex 3, 16, 17 , and packing density is greater in the anterior lobe than the posterior lobe 16 . Regional differences in the size of Purkinje cells have also been reported: the diameter of Purkinje cells and the volume of their organelles are larger in phylogenetically older regions of the cerebellum, such as the vermis [18] [19] [20] . Such differences could markedly alter the biophysical properties and energy consumption of individual Purkinje cells located in different cortical regions. In addition, there are systematic differences in the diameter of Purkinje cell axons between white matter compartments 21 and in the morphology of the dendritic arbor of Purkinje cells located in the base compared with the apex of a folium 3, 22 (FIG. 2) .
Similarly, granule cells display regional differences in packing density, with greater numbers in the apex than in the base of a folium 23 , and size, with larger granule cells being found in the vermis rather than the hemispheres 18 . In relation to the latter point it should be noted, however, that this study 18 did not take into account regional differences in the distribution of UBCs (see below). Nevertheless, it seems unlikely that the reported findings occurred as a result of a misclassification of cell types, given the substantial size difference between granule cells and UBCs (larger granule cells are typically half the size of UBCs 24 ).
These differences are clearly at odds with the assumption that the cerebellar cortex is uniform in structure. However, it has been suggested that the differences in the packing density of Purkinje cells and the morphology of their dendritic fields allows each cell to receive similar numbers of parallel fibre inputs irrespective of its folial location to maintain a constant input of signals between the molecular and Purkinje cell layers 3, 17 . Alternatively, the variation could be related to the difference in size of the synaptic contacts made with climbing fibres and parallel fibres at different levels of the molecular layer 25 , or differences in parallel fibre length. Indeed, parallel fibres in the deep parts of the molecular layer have been found to be thicker and only a third to half the length of those found at the surface 26 . Mossy fibres originating from the spinal cord or the basal pontine nucleus have been shown to form synapses with superficial and deep granule cells, respectively 3, 27 . This raises the possibility that signals arising from mossy fibres of different origin are conveyed differentially to the molecular layer. Whether differences in Purkinje cell morphology are also related to differences in mossy fibre terminations and in the way granule cells process their mossy fibre inputs is unknown. The lower density of Purkinje cells and greater overlap of their dendritic fields at the base of fissures may compensate for the need to integrate functionally diverse mossy fibre-parallel fibre signals that are required by adaptive filter models of cerebellar function 28 (Supplementary information S1 (box)), although empirical evidence for this remains to be obtained.
Regional differences in inhibitory interneurons have also been reported. Probably the most striking example of this is the packing density of UBCs. They are most numerous in the nodulus (vermal lobules Xa and Xb), ventral uvula (vermal lobule IXd), flocculus and ventromedial paraflocculus 29 . In addition, three molecularly distinct UBC subtypes that express either calretinin, metabotropic glutamate receptor 1α (mGluR1α) or phospholipase Cβ4 (PLCβ4) have been found, each with its own distribution [29] [30] [31] [32] [33] (see REF. 34 for a recent review). As UBCs are located primarily in areas linked to vestibular and oculomotor function, it is possible that the operation of the cerebellar cortex is not solely related to regional differences in the pattern of inputs and outputs and that certain areas may contain distinct cell types that allow different computational processes to take place to aid specific functions. UBCs, for example, are thought to have an important role in head and body stability (both vestibular functions) by providing signals related to velocity estimation 34, 35 . Lugaro and Golgi cells have also been shown to differ greatly in regional distribution. In the human cerebellum, Lugaro cells have a higher packing density in the posterior vermis and corresponding parts of the hemispheres than in other regions of the cerebellar cortex (with the exception of lobule VIa-VIc and lobule X 36 ). By contrast, the packing densities of Golgi cells in many mammalian species, including humans, are lower in the hemispheres (except for the flocculus) than in the corresponding vermal lobules, with the greatest density seen in the flocculus and lobule IX 18, [37] [38] [39] . Golgi cell soma size is also smaller in the hemispheres than in the vermis 40 . However, because the greatest packing density of Golgi cells was found in these studies to be in the vermis, where UBCs are known to be present at high numbers, it has been argued that these regional differences may be attributable to the misclassification of UBCs 34, 37 . Clearly, further studies using markers of different cell types are required to resolve this issue. For example, mGluR2 is almost exclusively present in Golgi cells that release both GABA and glycine, whereas the presence of neurogranin selectively labels Golgi cells that are only GABAergic 40, 41 . As discussed below, differences in neurochemical phenotype could provide the basis for distinct regional circuits within the cerebellar cortex that are independent of afferent and efferent connections.
Patterned molecular marker expression
In addition to differences in cytoarchitecture, there are prominent regional variations in the expression of proteins and genes (molecular markers) within the adult cerebellar cortex. In general, these molecular markers reveal that the cortex can be divided into an array of rostrocaudally oriented bands or stripes. The first such marker to be discovered, over 40 years ago, was the enzyme 5ʹ-nucleotidase 42 . Since then, numerous others have been identified, including heat shock protein 25 (HSP25) 43 , cocaine-and amphetamineregulated transcript (CART) 44 , mGluRs 45 , excitatory amino acid transporter 4 (EAAT4) 46 , phospholipase C (PLC) 47, 48 , type 1 inositol 1,4,5-trisphosphate receptor (InsP3R1) 49 , protein kinase C 50, 51 , neuroplastin 52 , GABA receptors 53, 54 , acetylcholinesterase 55, 56 , neuronal calcium sensor 1 (REF. 57 ), microtubule-associated protein 1A 58 , neurogranin 59 and various transgenes 60 . These findings show that the mammalian cerebellar cortex contains a rich molecular topography.
To date, the most comprehensively studied of these molecules is zebrin II 61 (FIG. 3) . Recent data from a knock-in mouse model suggest that the levels of zebrin II gene expression may vary across the bands in which it is expressed 63 . However, the general banding pattern is highly consistent and conserved across mammals and birds 10, 64 . Various other molecular markers are co-expressed with zebrin II. For example, the glutamate transporter EAAT4 is highly concentrated in the spines and thin dendrites of Purkinje cells located in zebrin II + bands 46 . Likewise, components of intracellular signalling pathways, such as PLCβ3, also show expression that is restricted to zebrin II + bands 47 . Conversely, some markers are expressed only in zebrin II -bands, including mGluR1β 45 and PLCβ4 (REF. 47) (FIG. 3) . The diversity of markers within the cerebellar cortex is not only limited to Purkinje cells; as mentioned above, markers have been shown to be heterogeneously The photomicrographs in part b were produced using the methods described in REF. 141 and are examples of Purkinje cells labelled using an inducible genetic approach that selectively induces green fluorescent protein expression (green) in a small subset of Purkinje cells. The tissue was counterstained with calbindin, which marks all Purkinje cells (red). In contrast to Purkinje cells located in the apex (upper panels), those located in the base region of a folium usually have dendritic arbors with two main primary dendrites (lower panels). Part a is adapted with permission from REF. 22 , Hindawi Publishing. Nature Reviews | Neuroscience
Long-term depression
A long-lasting decrease in the response of neurons to stimulation of their afferents following a brief patterned stimulus (for example, a 1 Hz stimulus).
expressed by subsets of UBCs, but this is also the case for Golgi cells and granule cells (for a recent review, see REF. 65 ). However, little is known about their localization in these cells in relation to zebrin II 65 (but see REF. 66 for one study that has investigated this question). Various markers and neuromodulators have also been found in subsets of cerebellar afferents [67] [68] [69] [70] [71] [72] [73] [74] [75] . For example, climbing fibres in zebrin II + bands have been shown to exhibit enhanced expression of the glutamate transporter VGLUT2 (REF. 72 ), whereas VGLUT1 and VGLUT2 are differentially expressed in bands of mossy fibres 69 . A body of evidence has also accumulated to indicate that the terminals of climbing fibres and mossy fibres arising from different sources align with cerebellar stripes of various molecular markers of Purkinje cells, most notably zebrin II 15, [76] [77] [78] [79] [80] [81] . Specifically, there is a correspondence between individual Purkinje cell zones (defined by their climbing fibre input, see above) and zebrin II expression. One important finding was that cortical zones in which Purkinje cells are zebrin II + tend to receive climbing fibre input from regions of the inferior olive dominated by descending inputs, whereas cortical zones in which Purkinje cells are zebrin II -receive climbing fibre input from regions of the inferior olive that receive predominantly peripheral inputs 15, 82, 83 . It is also important to note that the patterns of expression of molecular markers of Purkinje cells are not solely confined to a striped arrangement. For example, the expression of the D3-type dopamine receptor and associated dopamine signalling proteins such as dopamine transporter (DAT) and synaptic vesicular monoamine transporter 2 (VMAT2) is strongly restricted along the anterior-posterior cerebellar axis, being expressed mainly by Purkinje cells located in lobules IX and X 84 . This finding, combined with corresponding differences in UBC packing density within the same cerebellar lobules, raises the possibility that information processing within cerebellar cortical circuits may differ not only between zebrin II + and zebrin II -bands but also between cerebellar lobules.
Patterned physiology
Regional cerebellar cortical differences in the expression of molecular markers suggest that there may also be regional differences in the synaptic physiology and intrinsic properties of neurons. Given the remarkable relationship between zebrin II expression, cerebellar afferent and efferent connectivity and patterns of expression of many other molecular markers, this issue has been addressed mainly by using zebrin II expression as a reference to distinguish different regions 10, 14, 15, 77, 79, [85] [86] [87] [88] . EAAT4 is one of the best characterized proteins that colocalize with zebrin II 46, [89] [90] [91] . EAAT4 is expressed exclusively by Purkinje cells and acts to limit the duration of action of glutamate at climbing fibre and parallel fibre synapses. It also limits the diffusion of glutamate to extrasynaptic receptors and receptors in nearby synapses [92] [93] [94] [95] [96] . Indeed, in vitro studies have shown that the ability of complex spikes to activate mGluRs and thereby induce synaptic plasticity, notably long-term depression (LTD) of parallel fibre synaptic efficacy, is reduced in zebrin II + bands 97 . In vitro studies have also revealed regional variations in the intrinsic properties of Purkinje cells across cerebellar lobules (FIG. 4) . For example, the depolarizationinduced slow current (DISC), which acts to increase Purkinje cell excitability, is present at high levels in Purkinje cells in the vermis of the posterior lobe, but only at low levels in the anterior lobe 84, 98 ; this correlates with the pattern of expression of D3-type dopamine receptors, DAT and VMAT2 (REF. 84 ). Furthermore, comparisons of Purkinje cells in vermal lobule III-lobule V with those in lobule X have found differences in passive membrane properties (input resistance and capacitance) and active membrane properties (such as presence of A-type K + current). As a result, lobule X Purkinje cells are less excitable and display a greater variety of firing patterns in response to depolarizing current pulses 99 (FIG. 4a,b) .
It is unclear whether these differences reflect lobular organization, or whether they are more fundamentally linked to zebrin II compartmentalization, as the zebrin 
Rate coding
A form of neural representation in which the frequency or rate of action potentials over a given time period carries the relevant information. Any information possibly encoded in the temporal structure of the spike train is ignored.
Spike rate modulation
Changes in the frequency or rate of action potentials that are thought to encode information.
Temporal coding
A form of neuronal representation in which the timing of action potentials carries the relevant information. The time of action potentials can be referenced with respect to other action potentials of the same cell or those of other cells.
II status of the recorded cells was not determined in these studies. Nevertheless, when taken together with the EAAT4 results, these findings provide clear evidence that the intrinsic and synaptic physiology of Purkinje cells varies considerably between cerebellar cortical regions. These systematic variations could, in turn, lead to regional differences in the spiking behav- -102 ; and the slopes of f-I (frequency-current) curves 103 and the regularity of simple spike activity vary widely between Purkinje cells 100, 104, 105 . Purkinje cells also vary in their ability to transition between up and down states 7, [106] [107] [108] . For instance, in the awake cat, about half of all recorded Purkinje cells show a firing pattern that features periods of tonic activity separated by long pauses in simple spike activity, whereas the remainder display continuous simple spike activity 109 . Whether these and other parameters of Purkinje cell spike activity vary systematically (as opposed to randomly) between cerebellar cortical regions remains to be established.
This key issue has started to be addressed in vivo by comparing Purkinje cell activity in zebrin II + and zebrin II -regions of the rodent cerebellar cortex. Substantial regional differences in the spiking patterns of Purkinje cells in both awake restrained mice 110 and anaesthetized rats 111 have been found. These include differences in simple spike firing rates: Purkinje cells located in zebrin II -bands display significantly higher firing frequencies than those located in zebrin II + bands 110, 111 (FIG. 4c,d) , and Purkinje cells in zebrin II + bands display greater irregularity of simple spike firing 111 . However, using a different measure of spike train regularity, the study in awake mice 110 did not find differences between zebrin II + and zebrin II -regions across their entire dataset. A difference was only evident when the analysis was from a more restricted cerebellar region. This suggests that there may be lobular as well as zebrin II-related variations in simple spike regularity.
Systematic differences in the regularity of firing could have important implications for the transmission of information from the cerebellar cortex to the cerebellar nuclei, because zebrin II + and zebrin II -Purkinje cells project to non-overlapping cerebellar nuclear regions 85, 112 . Purkinje cells are often assumed to transmit information through the frequency of action potentials, known as rate coding. If this is the case, a greater irregularity of simple spike activity in zebrin II + Purkinje cells would cause them to transmit information less efficiently, as transmission efficiency depends on the regularity of the spike train 113 . If the variability in the spike times is not correlated across Purkinje cells, such differences could be overcome by a large convergence in the Purkinje cell-cerebellar nuclear projection, which would allow averaging of signals. However, a recent estimate suggests that the convergence in this pathway is relatively low 114 . This suggests that other coding mechanisms, such as spike rate modulation or temporal coding 115, 116 , may be used. Such strategies would depend on the intrinsic properties of Purkinje cells and their connectivity, which in turn could lead to differences in function.
An important additional consideration is that the simple spike activity of Purkinje cells occurs not only spontaneously but also as a result of excitatory input from granule cells. The granule cell axon can be divided into ascending and parallel fibre portions, and each part has been hypothesized to represent the dominant excitatory drive to Purkinje cells (the radial and beam hypotheses, respectively 3, 17, 117 ). Evidence for both hypotheses has been obtained [118] [119] [120] , and it has been hard to reconcile these conflicting results. However, a recent report suggests that differences in the synaptic efficacy of the parallel fibre-Purkinje cell synapse between zebrin II + and zebrin II -regions may provide an explanation 121 . Stimulation of mossy fibres or sensory pathways evoked beam-like responses (that is, the responding region was elongated along the longitudinal axis of the folium) in lobule crus I, which is primarily zebrin II + , but a more patch-like response distribution in crus II, where zebrin II expression forms a striped pattern.
Beyond this potential resolution of the radial and beam hypotheses, these results imply that the functioning of cerebellar cortical microzones (see above) 10, 122 may differ greatly according to cerebellar region. Specifically, in regions where zebrin II is expressed uniformly, parallel fibres that extend across the region would modulate all simple spike activity of Purkinje cells in concert. By contrast, in regions where zebrin II exhibits a striped pattern, parallel fibres would link the simple spike activity of multiple zebrin II + bands and the activity in the intervening zebrin II -bands would remain independent.
Of course, Purkinje cells are not confined to firing only simple spikes, and one of the fundamental questions in cerebellar physiology is how simple spikes and complex spikes interact with one another over different timescales. Such interactions may amplify the impact of the relatively infrequent complex spikes on the overall output of Purkinje cells. On the shortest timescale (tens of milliseconds), complex spikes are typically followed by a pause in simple spikes [123] [124] [125] . Zebrin II + Purkinje cells have longer absolute pauses, which is consistent with their slower firing rates 110, 111 ; however, once normalized for differences in firing rate, zebrin II -Purkinje cells display a longer relative pause than zebrin II + Purkinje cells, indicating that they are subject to a stronger active suppression of simple spikes 111 (FIG. 4e) .
On a longer timescale (several hundreds of milliseconds), a modulation of simple spike activity often follows the initial complex spike-induced pause. This modulation can be either a facilitation or depression of activity relative to baseline, and zebrin II + and zebrin II -regions of the cortex also differ in the strength and dominant type of this post-pause modulation, with Purkinje cells in zebrin II + regions displaying greater variability in modulation characteristics 110, 111 (FIG. 4f) . Much longerterm interactions (over seconds to minutes) can also occur between simple spikes and complex spikes, such as the inverse relationship between simple spike rates and sustained changes in complex spike rates 104, [126] [127] [128] ; however, whether regional differences exist in these interactions remains to be investigated.
What might be the underlying cellular mechanism that accounts for zebrin II-related differences in Purkinje cell physiology? Zebrin II itself could affect Purkinje cell activity: indeed, application of the products of the reaction catalysed by zebrin II -glyceraldehyde-3-phosphate and dihydroxyacetone phosphate -increases the firing rates of both zebrin II + 72, 110 . With regard to cerebellar cortical interneurons, significant regional differences in their activity may also be present. For example, a striking difference in the ability of parallel fibre activity to drive the activity of interneurons in the molecular layer (basket and stellate cells) in zebrin II + and zebrin II -bands has been described 129 . Electrical stimulation of the cerebellar cortical surface triggers synchronized action potentials in the underlying parallel fibres, leading to a wave of successively excited Purkinje cells along the axis of the parallel fibres. This wave of excitation has been shown to be continuously flanked by regions of Purkinje cell inhibition owing to the geometrical arrangement of the parallel fibres and the basket and stellate cell axons, which run perpendicular to each other 130 . Recent work has shown that the flanking inhibitory waves are not of constant amplitude, but instead wax and wane, with Purkinje cell inhibition being strongest in zebrin II + bands and weak or absent in zebrin II -bands 129, 131 . This implies that the synaptic strength between parallel fibres and molecular layer interneurons varies between zebrin II bands and thereby shapes the spatial pattern of responsiveness of Purkinje cells to mossy fibre inputs. The functional significance of these intriguing findings remains to be determined; however, given the ability of the parallel fibre portion of the granule cell axon to drive both Purkinje cells and interneurons in zebrin II + regions, this may be a mechanism to selectively enhance the influence of inputs in a spatially restricted manner.
Patterned neurodegeneration
Regional differences in the organizational plan of the cerebellar cortex have important implications for the pathogenesis of many neuronal diseases. Genetic and physical insults that damage the cerebellum typically result in Purkinje cell death, but the configuration of this cell death is often not random. A clear-cut anatomical organization of cell loss has emerged [132] [133] [134] (TABLE 1) , and the use of spontaneous mouse mutants has helped to reveal how dying Purkinje cells become restricted into specific patterns.
Of particular note is the leaner mutant mouse, which carries an autosomal recessive mutation in the gene coding for the α1A pore-forming subunit of the CaV2.1 P/Q-type voltage-gated calcium channel. Purkinje cell death in this mutant is most pronounced and rapid in the anterior lobe 135 , and the cell loss is remarkably patterned, being mostly restricted to zebrin II -bands 136 . The pattern of degeneration in leaner mice is almost perfectly mirrored in mutant mice known as nervous and Purkinje cell degeneration mice, in which cell loss is mainly restricted to zebrin II + Purkinje cells 137 . Taken together, these data suggest that the patterns of degeneration are genetically determined. Furthermore, their spatial organization fits with the way in which the normal lineages of Purkinje cells arrange themselves during development, during which bands of Purkinje cells are specified by different genetic cues and are born on distinct embryonic days [138] [139] [140] [141] [142] 
.
These striking patterns of degeneration extend beyond spontaneous mouse models: genetically engineered and inducible disease models also exhibit a similar neuropathology 132 . For instance, it has been reported that zebrin II -bands degenerate first in a mouse model of the childhood cholesterol storage disease NiemannPick type C. The progression of cell loss eventually spreads to zebrin II + bands but, remarkably, the Purkinje cells in lobules IX and X exhibit a powerful resistance to death 143 . Zebrin II -Purkinje cells also die more frequently in a rodent model of global brain ischaemia 134 , and the same is true in neonatal rats that are used for an early-life infection model of Borna disease 144 . Why these particular Purkinje cells are susceptible to degeneration remains unknown. However, their vulnerability may relate to some of the molecular markers described in the previous sections, notably the expression of calciumassociated proteins such as mGluR, EAAT4 and InsP3R1 (REFS 97, 134, 145) . Although it is unclear whether these molecules play a direct part in marking specific Purkinje cells for death. What is becoming clear is that in neurodegeneration models, such as the Purkinje cell degeneration mutant, the mechanism of death likely involves multiple pathways, including autophagy 146 , mitochondrial dysfunction 147 and DNA damage 148 . Whether these processes are restricted to particular zebrin II bands and whether the proteins that mediate them are patterned into zebrin II-like bands has yet to be determined.
Why some Purkinje cells preferentially survive also remains unclear. The particular resistance to cell death in lobules IX and X may be related to the expression of the small heat shock protein HSP25 (REFS 143, 149) , which can function as a chaperone. In neurons, chaperone function has been implicated in cell survival, particularly when cell death is triggered to protect against protein misfolding and apoptotic activity 150 .
The molecular defects that follow Purkinje cell damage and precede cell death are not fully understood. However, altering calcium homeostasis (and thereby the excitability of cerebellar neurons) leaves a molecular 'imprint' on the affected cells 151 . Tyrosine hydroxylase (TH), the rate-limiting enzyme in dopamine synthesis, is abnormally expressed by the Purkinje cells of several types of ataxic mutant mice, such as tottering 152 mice, and also in related genetic mutants in which calcium regulation is interrupted 153 . Nevertheless, it seems that not all mutant Purkinje cells express TH, as only certain cells are damaged in a manner that induces TH expression. This expression reveals a series of striking parasagittal bands that overlap with zebrin II [153] [154] [155] . In the case of tottering mice, the upregulation of TH far precedes the late-onset cell death, which is also regionally patterned, indicating that the presence of TH may predict the ultimate fate and demise of the cell in older mice 156 . However, Purkinje cells overexpressing TH are not necessarily destined for death. In a recent study, it was shown that genetically silencing Purkinje cell neurotransmission resulted in altered zebrin II band formation and in a heavy induction of TH expression 157 . In contrast to the compromised Purkinje cells in tottering mice, Purkinje cells that were unable to communicate with the cerebellar nuclei did not die after TH was abnormally expressed in zebrin II + Purkinje cells 157 . Thus, TH expression may be a good molecular indicator linking defective cell function to the status of the neuropathology in highly patterned circuits.
The relationship between regional degeneration of Purkinje cells and motor dysfunction is evidenced by mutants such as leaner mice. However, as indicated above, the cerebellum is probably also involved in non-motor functions 1 . It is therefore of interest that regional degeneration of Purkinje cells has been noted in a mouse model of Angelman syndrome, a disorder on the autism spectrum 158 . In humans, mutations in the gene encoding sodium/hydrogen exchanger 6 transporter (SLC9A6), which is located on chromosome Xq26.3, are known to cause a number of neurological diseases involving complex and slowly progressive degeneration, including Angelman syndrome. Analyses of a Slc9a6-knockout mouse strain are intriguing because Purkinje cells exhibit loss of zebrin II -Purkinje cells 158 , similarly to the classic motor degenerative models. A key unknown is how particular zebrin II bands are involved in motor versus non-motor functions and related diseases. It is also important to determine how zebrin II expression in the human cerebellum 159 relates to the patterns of cell loss and cell dysfunction found in autism spectrum disorders 160 , dystonia 161 and multiple sclerosis 162 .
Concluding comments
This Review has outlined evidence that there are regional differences in the adult mammalian cerebellar cortex that relate to cell type, morphology and expression of various molecular markers, most notably zebrin II expression by Purkinje cells (FIG. 5) . Because Purkinje 163 . But given the precise spatial organization that exists between climbing fibre and mossy fibre inputs and individual zebrin bands (the one-map hypothesis 10, 77 ), it is possible that at least some inputs could be processed independently. In other words, because some projections target either positive or negative bands 76 , including olivocerebellar projections arising from ascending or descending sources 15, 82, 83 , such inputs have the potential to have different computations performed on them. It is also possible that the same information is forwarded to both types of zebrin II band but access to the information is regulated through selective gating of afferent transmission 164, 165 . The advent of new technologies such as optogenetics and imaging of particular neuronal phenotypes will help to address these and related questions by allowing genetically targeted investigation of zebrin II + versus zebrin II -territories in the cerebellar cortex.
In terms of possible function, physiological differences between zebrin II bands in Purkinje cell firing patterns are related to corresponding differences in the expression of other molecular markers that, in turn, may reflect how different parts of the cerebellum process information. In particular, previous studies have established that paradigms that induce long-term potentiation (LTP) at parallel fibre-Purkinje cell synapses are associated with zebrin II + bands, whereas LTD in the synapses formed between parallel fibres and Purkinje cells occurs more readily in zebrin II -bands 97, 131 . Whether the corresponding variations in simple spike firing rates in zebrin II -and zebrin II + bands contribute to these differences in cerebellar plasticity is unknown. However, Purkinje cells with lower simple spike firing frequencies potentially have a greater operational range to enable them to undergo LTP, whereas Purkinje cells with higher firing frequencies are unlikely to be able to increase their firing rates any further, and therefore may be predisposed to undergo LTD 110 . Differences in simple spike firing rates between zebrin II -and zebrin II + bands are also consistent with predictions from the adaptive filter model of cerebellar function 28, [166] [167] [168] [169] . This is because the adaptive filter model requires both LTP and LTD, and empirical evidence has shown that Purkinje cell-parallel fibre synapses can undergo bidirectional plasticity postsynaptically [170] [171] [172] . During different phases of learning (acquisition, consolidation and extinction; see, for example, REF. 173 ), zebrin II + and zebrin II -Purkinje cells may have different parts to play although further studies are required to test this idea.
Finally, one major question that needs to be addressed is how differences in microcircuit physiology within the cerebellar cortex influence neural processing at the level of the cerebellar nuclei. Given that zebrin II -and zebrin II + Purkinje cells target distinct regions in the nuclei 14, 88, 112 , it is possible that regional differences in information processing also exist within the cerebellar nuclei. Zebrin II -bands, which have higher simple spike firing rates, are likely to inhibit their target regions of the cerebellar nuclei more strongly than zebrin II + bands, perhaps making them less responsive to other inputs. Such differences
Box 1 | Embryonic origins of parasagittal bands
The fundamental pattern of cerebellar bands is determined during development 174 . Several developmental stages sequentially establish the final pattern. The first stage is highly dependent on when Purkinje cells are born; this occurs between embryonic days 10 and 13 in mice, with specific clusters of Purkinje cells being born on each day 139, 175 . At the next stage, the clusters acquire distinct molecular properties that are under the control of at least two families of transcription factors: the atypical helix-loop-helix transcription factor early B cell factor 2 (EBF2) and the homeodomain transcription factors Engrailed 1 (EN1) and EN2. EBF2 directs the fate of clusters towards a zebrin II + versus zebrin II -lineage 138 , whereas EN1 and EN2 control the anterior-posterior and medial-lateral positioning of marker expression in each cluster 142, 176 . However, the expression of Purkinje cell markers is temporally dynamic and, because their patterns change over time, they can be divided into early markers that demarcate embryonic clusters 59, 60, 177 , late markers that define adult bands 47, 61 , and constitutively expressed markers that bridge between the clusters and bands 174, 178, 179 . One result of this dynamic mode of patterning is that each cluster in the embryo contributes to multiple bands in the adult 140, 141, [178] [179] [180] [181] could cause the information processing gain of different cerebellar nuclear regions to be quite distinct. The higher-gain zebrin II + target nuclear regions may preferentially be used to make large, rapid changes in motor output, whereas the lower-gain zebrin II -target nuclear regions may be specialized for more subtle aspects of motor control. An analogy for such a dual system is the coarse and fine focus controls on a microscope; the differences in Purkinje cell phenotype may represent such an arrangement. . Molecular markers such as excitatory amino acid transporter 4 (EAAT4), GABA B receptor subtype 2 (GABABR2), phospholipase Cβ3 (PLCβ3) and neuronal calcium sensor 1 (NCS1) are co-expressed in rostrocaudally oriented bands with Purkinje cells positive for the molecular marker zebrin II + , whereas metabotropic glutamate receptor 1β (mGluR1β), microtubule-associated protein 1A (MAP1A), neurogranin, neuroplastin and PLCβ4 are found in zebrin II -bands. Purkinje cell simple spike frequencies are higher in Purkinje cells located in zebrin II − bands, whereas simple spike activity is less regular, the complex spike-induced pause in simple spikes is longer, and the post-pause facilitation in simple spikes is greater in zebrin II + bands. Asterisk indicates complex spike. Schematic is based on data from REFS 3, 18, 22, 36, 37, 46, 47, 61, 110, 111, 141. 
